Abstract: We reported on the soliton booting dynamics of an ultrafast fiber laser operating in an anomalous dispersion regime. Based on the advanced experimental methodologies of spatio-temporal reconstruction and dispersive Fourier transform (DFT), the soliton booting dynamics are analyzed in the time and spectral domains. The spectral interference pattern with strong intensity oscillation behavior was observed near the mode-locking transition. It was found that the spectral pattern distributions are induced by the transient structured soliton formation during the pulse shaping from the noise background. The experimental results were further verified by the theoretical simulations. The obtained results would provide a general guideline for understanding the soliton booting dynamics in the ultrafast fiber lasers, and will prove to be fruitful to the various communities interested in solitons and fiber lasers.
Introduction
The ability of generating ultrashort pulses enables fast development of ultrafast science and technology, which thus, in turn, motivates laser scientists to search for high-performance ultrafast lasers with desirable features for practical applications [1] , [2] . With the rapid developments of both the laser and optical fiber technologies, now the ultrafast mode-locked fiber lasers are regarded as the candidates of the next-generation ultrashort pulse sources because of their obvious advantages such as robust operation, flexible light path, and excellent heat dissipation. After achieving the passive mode-locking operation in fiber lasers, the ultrashort pulses can be treated as the optical solitons [3] . Due to the high peak power of soliton pulse, the nonlinear effect experienced by the soliton in the fiber could result in the exhibition of abundant nonlinear dynamics by combining with the cavity parameter design. Therefore, in recent decades extensive efforts have been directed toward the investigations of soliton evolution and dynamics in mode-locked fiber lasers, such as the multi-soliton patterns [4] - [6] , vector soliton [7] , [8] and dissipative soliton resonance [9] , [10] . As a fundamental but important nonlinear phenomenon of ultrafast fiber lasers, the booting process of the passive mode-locking can be used to describe how to form a soliton in the laser systems. So far, much work on soliton self-starting dynamics has been reported. Earlier researchers have found that the soliton pulse shaping [11] and dynamic gain saturation [12] could give assistance to the buildup of soliton in the laser systems. In addition, many previous studies on optimizing the self-starting performance [13] - [15] in laser systems and quite a few investigations on threshold power for the self-starting passive mode locking [16] - [18] have been reported. However, due to the lack of advanced measurement technologies, the detections of passive mode-locking dynamics were generally restricted to the time domain with a low temporal resolution [19] , [20] , which might result in the omission of some important details.
With the great advances in the detection technologies of ultrashort pulses, the opportunities to experimentally analyze the soliton dynamics, or more exactly, soliton transient dynamics was reopened for the ultrafast laser community [21] , [22] . Recently, the dispersive Fourier transform (DFT) was proposed to enable the mapping of single-shot spectra to the temporal waveforms so as to be captured by a high-speed real-time oscilloscope [23] . Therefore, the obstacle of realtime spectral measurement can be cleared by DFT method. By virtue of the real-time spectral measurements, several soliton transient dynamics have been observed in the ultrafast lasers, including rogue waves [24] - [26] , soliton explosions [27] - [29] , phase evolution of the bound solitons [30] - [32] and transient vector dynamics of coherent/incoherent dissipative solitons [33] , [34] . In fact, the real-time spectral measurement by DFT method has also been applied to resolve the spectral dynamics in buildup process of ultrafast lasers [35] , [36] . Very recently, a detailed study of buildup of femtosecond Kerr-lens mode-locking (KLM) Ti:sapphire laser was reported. Several critical phenomena during the soliton buildup, such as birth of the broadband spectrum and transient interference among the random multiple picosecond pulses, have been directly observed [36] . As for the fiber lasers, however, they could always achieve the self-starting operation as long as the cavity conditions are properly set when comparing to the KLM Ti:sapphire laser [37] . Moreover, in fiber lasers the propagating lightwave is confined in a small mode area of single mode fiber, more nonlinear effects will be experienced by the mode-locked soliton. Therefore, it would be interesting to see what happens in the booting soliton of an ultrafast fiber lasers for the purpose of better understanding the formation dynamics of soliton.
In this work, the soliton buildup process was investigated experimentally and theoretically in an ultrafast fiber laser with the anomalous dispersion regime. Due to the pulse shaping from the noise background to stable mode locking operation, the evolved pulses oscillated periodically with structured temporal profiles, which results in the formation of the transient structural spectral patterns. Specifically, the mode-locking soliton spectra show strong intensity oscillation. The obtained results would deepen our understanding for the soliton booting dynamics in the ultrafast fiber laser, which will be beneficial for both the nonlinear optics and ultrafast laser communities.
Experiment Setup and Results
The schematic of the ultrafast fiber laser is shown in Fig. 1 . The 4.1 m erbium-doped fiber (EDF) is employed as the gain medium. A mechanical chopper was placed between the pump laser and the WDM to initiate (or stop) the self-starting mode-locking operation. Therefore, the effect of the initial creation of population inversion in EDF on the soliton buildup process could be also included. Note that the chopper was not synchronized with the oscilloscope and we only concentrated on the soliton booting dynamics nearby the stable mode-locking state in this work. Two polarization controllers (PCs) are employed to adjust the polarization states. In order to effectively initiate the passive modelocking operation, the carbon nanotube (CNT) is incorporated into the laser cavity acting as the saturable absorber (SA) [38] . For the purpose of better optimization of the mode-locking status, we insert a polarization-dependent isolator (PD-ISO) so as to tune the laser mode-locking parameters by the PCs [39] . In addition, the adjustment of the PCs could control the nonlinear losses of the laser cavity. However, as long as the pump power was properly tuned, the trends of soliton booting dynamics with different orientations of the PCs were generally the same as each other. To measure the soliton booting dynamics both in time and spectral domains with DFT method simultaneously, the output laser is divided by an additional 10:90 coupler. One port is directly connected to the highspeed real-time oscilloscope (Tektronix DSA-70804, 8 GHz) following by a photodetector (Newport 818-BB-35F, 12.5 GHz), while the other is linking to a dispersive element (∼14 km long SMF) to map the mode-locked spectra into a temporal waveform directly shown on the oscilloscope by DFT. Taking the advantage of the DFT method, the real-time spectral resolution can reach ∼0.5 nm in our experiment.
The self-starting mode-locked operation of the fiber laser could be achieved at a pump power of 13 mW. We further increased the pump power to 13.6 mW and finely rotated the PCs to optimize the mode-locking operation. However, here we should note that the pump power needs to be restricted to a level which can ensure the fiber laser start in the single pulse regime. The typical performance of the ultrafast fiber laser was summarized in Fig. 2 . The mode-locked spectrum centered at the wavelength of 1558 nm, as presented in Fig. 2(a) . The mode-locked pulse-train had a fundamental repetition rate of 13.06 MHz, as shown in Fig. 2(b) . The pulse duration, which was characterized by a commercial autocorrelator (FR-103XL), is 810 fs, as can be seen in Fig. 2(c) . In addition, the corresponding radio-frequency (RF) spectrum was measured to further check the stability of the ultrafast fiber laser. As shown in Fig. 2(d) , the signal-to-noise ratio of RF spectrum was ∼55 dB, indicating the high stability of the passive mode-locking operation.
To investigate the soliton booting process in the ultrafast fiber laser, then we opened the mechanical chopper to initiate/stop the mode locking operation periodically. Thus, the soliton buildup dynamics could be easily measured in this way. As mentioned above, the real-time spectral dynamics of the passive mode-locking can be obtained by the DFT. Therefore, the soliton booting dynamics both in the time and spectral domains can be captured simultaneously by a single oscilloscope. Here, it should be noted that the temporal dynamics of the soliton booting from the noise background shows the obvious intensity oscillations in a large timescale of a few microseconds, which are similar to the previous reports [20] . However, in this work we only concentrated on the dynamics very near the mode-locking transition in the fiber laser. The overview of the conventional soliton booting dynamics in time and spectral domains were plotted in Fig. 3 . As can be seen from Fig. 3(a) , the fiber laser operated from a narrow bandwidth quasi-continuous-wave (cw) to a mode-locking state with broadband spectrum. Notably, during the transition of the mode-locking process, the real-time spectral dynamics featured that the strong spectral intensity oscillation was observed (see the Visualization 1). Initially, the duration of the spectral intensity oscillation could last for about 200 roundtrip time. Moreover, the period of the spectral intensity oscillation possesses a decreasing trend when approaching the stable mode-locking. Note that the duration of the spectral intensity oscillation is related to the initial cavity parameter settings for stable mode-locking operation, which is case by case in our experiment. However, the spectral intensity oscillation behavior could be always observed in the pre-modelocking status of the proposed ultrafast fiber laser. Correspondingly, the spatio-temporal dynamics depicted in Fig. 3(b) show that a continuous increase in the pulse intensity for the initial pre-mode-locking state, then experiences a decreasing trend and finally evolves to a stable mode-locking pulse-train. During the pulse evolution from noise to stable mode-locking, only single pulse was detected on the oscilloscope traces, demonstrating that the soliton booting up dynamics are different from the KLM Ti:sapphire lasers [36] . It should be noted that the experimentally measured pulse evolution shown in Fig. 3(b) could not be fully resolved due to the limited bandwidth of the oscilloscope used. Then the measured soliton booting dynamics from the oscilloscope could be calculated to be the pulse energy evolution. To this end, we integrated the conventional soliton profiles from quasi-cw to mode-locking state for providing the pulse energy evolution in Fig. 3(c) . In this case, the pulse energy firstly increased and then experienced an intensity drop before evolving into the stable mode-locking, possessing a similar trend to the spatio-temporal dynamics in Fig. 3(b) .
According to the spectral dynamics in the pre-mode-locking state, we suspect that there will be some fine structures for the spectra as well as for the corresponding solitons in the very near the mode-locking transition state. To more clearly analyze the conventional soliton booting dynamics in ultrafast fiber laser, we provided four transient spectral profiles of the booting soliton in Fig. 4 corresponding to different roundtrips. It can be seen that the spectral peaks or dips were alternatively generated in the central part of the mode-locked spectrum. In addition, the spectral interference patterns were also found. Based on the spectral dynamics shown in Fig. 4 , we believed that the transient structural solitons [40] were formed during the soliton shaping to stable mode locking by saturable absorption effect. That is, a specific structured soliton corresponds to a specific spectral profile. Note that the structural soliton is not constant but evolves during the booting dynamics because of the strong pulse shaping effect. Thus, the strong spectral intensity oscillation could be seen in this stage until the stable soliton was formed. It should be also noted that in our temporal pulse evolution the structural profiles of the pulses could not be resolved experimentally. Nevertheless, this issue will be confirmed and discussed in the following numerical simulation. 
Simulation Results
To qualitatively numerically reconstruct the soliton booting process, we simplified the laser cavity to be consisted of the EDF, the SMF, a SA and an output coupler. Numerical simulation is based on an extended nonlinear Schrodinger equation [41] , which is solved with a standard symmetric split-step algorithm. To make our simulation close to experiment, we used the following parameters: nonlinear parameter γ = 0.003 W −1 · m −1 for both EDF and SMF, small signal gain g 0 = 0.205 dB/m, gain saturation energy E sat = 0.15 nJ, gain bandwidth g = 50 nm, group velocity dispersion β 2 = −0.009 ps 2 /m for EDF, β 2 = −0.0209 ps 2 /m for SMF, cavity length L = 15.6 m, out-coupling R out = 10% , modulation depth q 0 = 0.451 and saturation power P sat = 450 W for a simple transfer function [42] . And our simulation started with an arbitrary weak pulse. The selfstarted mode-locking operation could be always seen in the simulation model of the fiber laser if the parameters were properly set, as shown in Fig. 5 . From the spectral evolution shown in Fig. 5(a) , it can be seen that the fiber laser starts from quasi-cw with a narrow spectral bandwidth to the stable mode-locking spectrum with Kelly sidebands in the anomalous dispersion regime. Moreover, before achieving the stable mode-locking state, the spectral intensity oscillation behavior could be also observed evidently. And the oscillation time period decreased when approaching the stable modelocking state, where the trend is the same as those of experimental results. The corresponding pulse evolution from quasi-cw to mode-locking in the time domain was plotted in Fig. 5(b) . Here, the simulation pulse evolution shows that the pulse intensity increased firstly, then evolved into a stable one in the laser cavity. Note that the time window in the simulations was set to be 160 ps to avoid the artificial interference effect, while the time window of 10 ps was plotted in Fig. 5(b) for better showing details. Fig. 5(c) displays the integrated pulse energy evolution of simulation soliton from quasi-cw to mode-locking state. As can be seen here, the pulse energy firstly increased and then experienced an intensity drop before evolving into the stable mode-locking, showing a similar trend to the energy evolution of the measured pulse train in Fig. 3(c) . Therefore, the observed phenomena demonstrated that the overall signatures of the soliton booting dynamics in the simulation results are in qualitative agreement with the experiments in both the spectral and time domains.
To gain more insight into the simulation results and further verify our experimental results, four transient spectra as well as the corresponding pulse profiles during the soliton booting dynamics were provided in Fig. 6 . It is worth noting that the spectral peaks or dips were alternatively generated in the central part of the pulse spectrum, as shown in the upper row of Fig. 6 . In addition, not only these spectral oscillations were obtained, but also the spectral interference patterns were found in simulation. To find the origin of the spectral patterns, we carefully analyzed the pulse profiles corresponding to the spectral states plotted in Fig. 6 . As shown in the lower row of Fig. 6 , the evolved pulse exhibits evident fine structures at the pedestal of the pulse, and the profile of the pulse pedestal also evolved during the pulse shaping in the cavity meaning that the transient structural solitons were observed in the simulations [40] . As mentioned above, with the limited bandwidth of the oscilloscope, we cannot resolve the structural profiles of the booting soliton. However, since the spectral dynamics of the soliton booting are well conformed to our experimental results, it was believed that the generated spectral patterns are induced by the transient structured soliton formation during the pulse shaping process. That is, the fine structures of the evolved soliton manifest themselves as the corresponding spectral patterns on the pulse spectrum.
Different from the spectral intensity oscillation behavior in soliton build up process of the KLM Ti:sapphire lasers recently reported [36] , in our experiment the mechanism of spectral intensity oscillation could be attributed to the transient structured soliton formation during the pulse shaping process. On the other hand, in this work the soliton booting dynamics in EDF laser with the anomalous dispersion regime was demonstrated. However, in order to fully investigate the soliton booting dynamics, the fiber lasers at other wavebands or with the normal dispersion regime need to be studied to further explore whether there exists some other different characteristics in the soliton booting dynamics. Moreover, although the soliton booting dynamics in time domain have not be clearly revealed in our experiment, the problem can be solved by using the time lens measurement [22] , [43] , [44] that can be employed to provide a temporal magnification of the evolved pulses. Then the pulse profile in the picosecond or sub-picosecond regime can be measured directly from a real-time oscilloscope. Nevertheless, since the general spectral evolution tendency of both the experiment and simulation is almost the same, the simulation results of the temporal pulse evolution can still provide a detailed insight into the real-time soliton booting dynamics in the time domain in our work.
Conclusion
In conclusion, we have experimentally and theoretically investigated the soliton booting dynamics in the ultrafast fiber laser operating in the anomalous dispersion regime. The soliton booting processes exhibited the spectral interference pattern and the intensity oscillation. These spectral evolution dynamics could be explained by the transient structured soliton formation during the pulse shaping. The obtained results would pave the way for further investigations of the complex soliton dynamics in nonlinear optical systems, which would be also helpful for the communities dealing with the solitons and fiber lasers.
